[1] We present stereoscopic images of an Earth-impacting Coronal Mass Ejection (CME). The CME was imaged by the Heliospheric Imagers onboard the twin STEREO spacecraft during December 2008. The apparent acceleration of the CME is used to provide independent estimates of its speed and direction from the two spacecraft. Three distinct signatures within the CME were all found to be closely Earth-directed. At the time that the CME was predicted to pass the ACE spacecraft, in-situ observations contained a typical CME signature. At Earth, ground-based magnetometer observations showed a small but widespread sudden response to the compression of the geomagnetic cavity at CME impact. In this case, STEREO could have given warning of CME impact at least 24 hours in advance. These stereoscopic observations represent a significant milestone for the STEREO mission and have significant potential for improving operational space weather forecasting. 
Introduction
[2] The region of influence of the Sun's atmosphere, the heliosphere, extends beyond Earth and indeed all of the planets in our solar system. The heliosphere is a hazardous radiation environment. In particular solar energetic particles (SEPs), which are accelerated by the shock situated at the leading edge of coronal mass ejections (CMEs), are a major hazard to spacecraft systems and astronauts [e.g., Reames, 1999; Lockwood, 2007; Lockwood and Hapgood, 2007] . Predicting both the occurrence and the trajectory of CMEs is therefore crucial in characterizing the radiation hazards at specific locations in the heliosphere -with Earth being of particular importance.
[3] The structure of a CME is characteristically in three parts, with a leading density front followed by a dense core often identified as prominence material, separated by a plasma void. Within this cavity is often embedded a helical magnetic field structure termed a magnetic flux rope.
[4] CMEs are mainly imaged in white light -sunlight that has been Thomson scattered from CME-associated electrons [e.g., Billings, 1966; Vourlidas and Howard, 2006] . As the electrons preferentially Thomson scatter the sunlight through 90°, this mechanism favors the observation of plasma lying close to the surface of a sphere where the observer and the Sun lie at opposite ends of a diameter. Most CME imaging has been performed from spacecraft located at the first Lagrangian point such as the Solar Heliospheric Observatory, SOHO [Domingo et al., 1995] or from Earth orbit such as the P78-1 spacecraft [Doschek, 1983] or the Solar Maximum Mission [MacQueen et al., 1980] and, more recently, the Solar Mass Ejection Imager, SMEI, on the Coriolis mission [Eyles et al., 2003] . Due to the nature of Thomson scattering, Earthdirected CMEs are best viewed from a vantage point well away from the Sun-Earth line. The NASA STEREO mission [Kaiser et al., 2008] was designed to achieve this. Launched on October 25 th 2006, this mission placed two almost identical solar observatories into Earth-like orbits, one ahead of the Earth (spacecraft A) and the other behind the Earth (spacecraft B). The spacecraft are drifting away from the Earth at a rate that increases each spacecraft-SunEarth angle by 22.5°per year. Their positions in December 2008 are shown in Figure 1 . As part of a comprehensive suite of remote-sensing and in-situ instrumentation, each spacecraft carries a Heliospheric Imager (HI), consisting of two cameras; the inner camera (HI-1) has a 20°field of view centered at 14°elongation from Sun centre while the outer camera (HI-2) has a 70°field of view centered at 53.7°from Sun centre. The combined HI field of view enables CMEs to be tracked through elongations ranging from 4°to 88.7°. As the mission has evolved, the Earth has entered the HI-2 field of view. The purpose of our study is to use stereoscopic observations to prove the efficacy of the established techniques in determining the speed and direction of a CME and to show that such measurements have direct application to space weather forecasting.
Observations
[5] At the time of the observations presented in this paper, the two STEREO spacecraft were separated by an angle of 89.45°. Venus and Earth were visible in the HI images from STEREO-A, while the Earth was visible in the STEREO-B images ( Figure 1 ). As well as detecting scattered light from coronal electrons, the HI cameras are sensitive to sunlight scattered from dust -the F-coronaand any stars and planets in the field of view. As the intense F-coronal signal remains constant on timescales far longer than the cadence of the HI images (40 and 120 minutes for HI-1 and HI-2, respectively) it can be effectively removed by either subtraction of a long-term background or by the running difference technique. The latter is used particularly to reveal faint features propagating through the field of view. Figure 2 shows a CME observed in the HI cameras on both STEREO-A and STEREO-B spacecraft during December 2008. Such stereoscopic images of an Earthdirected CME represent the achievement of a major objective of the STEREO mission.
[6] CMEs are generally considered to have undergone initial acceleration before they reach the elongations covered by the HI cameras [Vršnak et al., 2007] . By making the assumption that a CME is travelling at a constant velocity as it crosses the HI field of view, it is possible to fit the apparent acceleration/deceleration observed in the elongation variation to estimate its radial speed and angle of propagation with respect to the observer [Sheeley et al., 1999 [Sheeley et al., , 2008a [Sheeley et al., , 2008b Rouillard et al., 2008; Davies et al., 2009] . Such a technique is not applicable to traditional coronagraph images since the CME may still be accelerating this close to the Sun and moreover the effect is negligible over the elongation range covered by coronagraphs. Figure 2 . STEREO HI images through the evolution of the CME as observed from spacecraft A and B. Pairs of images correspond to near-simultaneous images from the two spacecraft, with images from B and A being plotted in the left-and right-hand columns, respectively. (a) The background-subtracted images from HI-1 reveal what appears to be two regions of enhanced intensity (density) separated by a void as would be expected in Thomsonscattered images of a typical CME. As the plasma densities in the CME decrease as it expands though the heliosphere, its white-light signature fades. Thus, at subsequent times during CME propagation, difference images are presented. (b) Running difference images corresponding to the background-subtracted images in row (a) for comparison. (c) Running difference HI-1 images some hours later, and (d and e) running difference images derived from HI-2. Regions of the HI-2 field of view obscured by the stray-light baffle system and Earth occulter are masked out. The features of the CME structure tracked are labeled as 1, 2, 3 (prefixed by the spacecraft A or B). These correspond to the leading density enhancement, the subsequent void and a second density enhancement. The position of Venus and Earth are labeled as V and E. [7] The results of applying this fitting technique to three prominent features in the CME structure seen in HI images (marked on Figure 2 ) are summarized in Table 1 . The first and third features correspond to enhanced intensity fronts while the second is the leading edge of the void between the two fronts. The agreement between the speeds and directions derived for each feature from the two spacecraft is very close. The independent observations provide a good validation of the technique and assumption of constant velocity. The small difference between the estimates of the direction of CME propagation from the two spacecraft is unsurprising since the spacecraft, situated on opposite sides of the CME, were undoubtedly imaging slightly different regions of the CME structures. Having estimated speeds and directions for the observed features within the CME, it is possible to predict arrival times at Earth. At these derived speeds, it will have passed over the Advanced Composition Explorer (ACE) spacecraft [Stone et al., 1998 ], located 1.5 million km upstream of Earth, roughly 1 hr before it reached Earth. ACE interplanetary magnetic field and solar wind data are presented in Figure 3 , along with the predicted arrival times at ACE of the three CME features tracked in the HI images.
[8] The ACE observations around the predicted times are indeed characteristic of a CME, with a magnetic flux ropeidentified by a smooth rotation in the magnetic field components (Figure 3e ) accompanied by an increase in the field magnitude (Figure 3d ) -embedded within, but towards the trailing edge of, a region of enhanced plasma density (Figure 3a) . The flux rope itself is associated with a plasma cavity, the elevated magnetic pressure acting to evacuate the particle population within. The increased density leading the structure, and that at the trailing edge of the flux rope, correspond to the leading front and the core material of the CME, respectively. These two regions of enhanced density correspond to the two bright regions imaged by HI. The predicted arrival times at ACE of the first and third HI-imaged features match well the times at which these features are seen in situ. Feature 2 is the trailing edge of the first density front imaged by HI and also corresponds to the in-situ observation. ACE observes weakly enhanced solar wind speeds during the passage of the CME which correspond well with the event motion speeds estimated from the HI images. The speed differential between the three measured CME features is evidence that the CME was still expanding as it passed ACE.
[9] Approximately an hour after the arrival time of the leading CME density front at ACE, a positive enhancement was observed in the horizontal component of the Earth's magnetic field, detected by all mid-to low-latitude dayside ground-based magnetometer stations at European and African longitudes (shown individually in Figure 4a and averaged in Figure 4b ). This sudden impulse signature, seen near 08:00 UT on 16th December, is consistent with a compression of the dayside geomagnetic field in response to a sharp increase in the solar wind dynamic pressure For clarity, the X and Z components of the field are offset by À12 and 12 nT, respectively. Note that although these are preliminary browse data, they are highly consistent with equivalent measurements from the Wind spacecraft relatively close-by; the two spacecraft do, however, exhibit a discrepancy in terms of their absolute densities. Dashed and dot-dashed lines plotted on all plots correspond to the times at which the three salient CME boundaries, observed by the two STEREO spacecraft, are predicted to pass over the ACE spacecraft.
( Figures 3c and 4c) , resulting mainly from an increase in plasma concentration within the CME. When lagged by 60 minutes to account for propagation to Earth, sudden increases in the dynamic pressure within the initial density front match transient rises in the H component of the Earth's field. At around midnight on the 17 th December 2008, the Ap geomagnetic index increased to 12 (from a background level around 4 -6) in response to several modest substorms that were triggered at this time, likely associated with the reversal to negative of the IMF Bz component within the flux rope.
[10] Back-projection of the STEREO-HI data, assuming some early acceleration, suggests that the signatures of the CME onset at the Sun would be observed sometime between 04:00 and 08:00 UT on the 12 th . NOAA reported a prominence eruption centered near N50, W15 that lifted between 06:00 and 08:00 UT and noted that, consistently, the SOHO/LASCO C2 coronagraph detected a slow CME off the NW limb seen initially at 09:30 UT. No geomagnetic activity warning was given as the eruption appeared to be directed well away from Earth.
[11] However, due to its location, the true nature of the erupting prominence is better viewed from STEREO-A -in particular in the EUVI He II 304 Angstrom emission line characteristic of chromospheric material. Prior to 04:00 UT, the EUVI-A images show the lifting of a high-latitude prominence arcade. A subsequent, major eruption along the arcade generates a finger-like extension reaching high into the corona. This feature extends to progressively lower latitudes, taking the form of a large arch.
[12] Observations from the STEREO-A COR2 coronagraph are consistent with this interpretation, showing an eruption of material to the north of and just prior to a subsequent CME eruption occurring approximately along the ecliptic. From these observations the CME speed was estimated at 340 kms À1 (although this is not the true velocity since it is projected into the plane of the sky).
[13] The HI images suggest that the CME consists of two loops. The simplest interpretation is that the inner loop is populated with this prominence material, originating from the northern leg of the event at onset. Helium was detected as this front passed the ACE spacecraft (not shown) which matches this interpretation. The outer CME loop is formed due to the expansion of the pre-existing coronal magnetic structure into the confines of which the prominence is erupting. The dominance of protons in this initial front confirms its coronal origin. [14] We have shown that the unique positioning of the STEREO spacecraft enabled this event to be tracked through the heliosphere and, with the techniques outlined in this paper and references therein, it was possible to identify this CME as Earth-directed, notwithstanding the NOAA forecast, and predict the arrival time at the position of the ACE spacecraft and Earth to an accuracy of a few hours. This is an exciting result but a statistical analysis of similar events and a comparison with current models is needed before we can ascertain the effectiveness of such a technique when applied to space-weather forecasting.
Discussion and Conclusions
[15] While there are other radiation hazards in space, solar energetic particles (SEPs) around CME fronts represent a particular threat to astronauts since the mass spectrum of SEPs contains heavier ions (up to Fe ions). It is the interaction with these heavy ions that cause the most damage to biological molecules such as DNA [Antonelli et al., 2004] . In this case, the CME shock front is too weak to generate significant SEP fluxes (only a few energetic Helium ions were detected) but STEREO could have given warning of the timing and potential fluxes at least 24 hours in advance (earlier with less precision). If mankind is to embark on the colonization of the Moon or send a manned mission to Mars or, indeed, send astronauts anywhere outside the protective shield provided by Earth's magnetic field, an accurate forecast of the space environment will be vital to ensure their survival [Lockwood and Hapgood, 2007] . The observations presented here represent a milestone for the STEREO mission and offer exciting potential for any future space-weather forecast.
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